Toll-like receptor (TLR) signalling plays an important role in epithelial and immune cells of the intestine. TLR9 recognizes unmethylated CpG motifs in bacterial DNA, and TLR9 signalling maintains the gut epithelial homeostasis. Here, we carried out a bioinformatic analysis of the frequency of CpG motifs in the genomes of gut commensal bacteria across major bacterial phyla. The frequency of potentially immunostimulatory CpG motifs (all CpG hexamers) or purine-purine-CG-pyrimidine-pyrimidine hexamers was linearly dependent on the genomic G+C content. We found that species belonging to Proteobacteria, Bacteroidetes and Actinobacteria (including bifidobacteria) carried high counts of GTCGTT, the optimal motif stimulating human TLR9. We also found that Enterococcus faecalis, Lactobacillus casei, Lactobacillus plantarum and Lactobacillus rhamnosus, whose strains have been marketed as probiotics, had high counts of GTCGTT motifs. As gut bacterial species differ significantly in their genomic content of CpG motifs, the overall load of CpG motifs in the intestine depends on the species assembly of microbiota and their cell numbers. The optimal CpG motif content of microbiota may depend on the host's physiological status and, consequently, on an adequate level of TLR9 signalling. We speculate that microbiota with increased numbers of microbes with CpG motif-rich DNA could better support mucosal functions in healthy individuals and improve the T-helper 1 (Th1)/Th2 imbalance in allergic diseases. In autoimmune disorders, CpG motif-rich DNA could, however, further increase the Th1-type immune responsiveness. Estimation of the load of microbeassociated molecular patterns, including CpG motifs, in gut microbiota could shed new light on host-microbe interactions across a range of diseases.
INTRODUCTION
In the mammalian intestine, a single layer of epithelial cells separates the gut lumen and its dense microbial population (microbiota) from the rest of the body. The monolayer of intestinal epithelial cells (IECs) acts both as a physical barrier and as a regulator of the immune responses by sensing contents in the gut lumen and transferring signals to the immune cells residing in the lamina propria (Abreu, 2010; Maynard et al., 2012; Wells et al., 2011) . Immune cells can also get in contact with intestinal microbiota by directly sampling the gut lumen (dendritic cells) via the transepithelial transport of antigens by microfold cells or during intestinal ulceration (Abreu, 2010; Maynard et al., 2012; Wells et al., 2011) .
The immediate recognition of microbes by the innate immune system plays an important role in immune responsiveness and homeostasis in the intestine (Abreu, 2010; Maynard et al., 2012; Wells et al., 2011) . As part of the innate immune system, Toll-like receptors (TLRs) recognize conserved microbial structures, so-called microbial-associated molecular patterns (MAMPs) such as lipoteichoid acids (TLR2), LPS (TLR4), flagellin (TLR5) and nucleic acids (TLR3, (Abreu, 2010; Maynard et al., 2012; Wells et al., 2011) . TLRs were first found in immune cells but later were also discovered in epithelial cells including IECs. Upon TLR stimulation, IECs respond by transcriptional changes and can also transfer signals to the lamina propria compartment (Abreu, 2010; Maynard et al., 2012; Wells et al., 2011) . The expression of TLRs in IECs is polarized in order to provide adequate responses depending on whether the signals come from luminal or invading microbes (i.e. pathogens) (Abreu, 2010; de Kivit et al., 2011; Maynard et al., 2012; Wells et al., 2011) . It has been demonstrated that TLR stimulation affects enterocyte proliferation (Gribar et al., 2008) , enhances intestinal epithelial barrier function (Cario et al., 2004; O'Hara et al., 2012) and affects the production of antimicrobial peptides (Foureau et al., 2010 . Furthermore, TLR stimulation produces tolerance in IECs towards subsequent challenges with the same or other TLR ligands, i.e. induces cross-tolerance and reduces intestinal inflammation (Ghadimi et al., 2010; . Furthermore, TLR signalling has an important role in instruction of the adaptive immune system and maintaining the gut epithelial homeostasis (Maynard et al., 2012) . Importantly, dysregulation of TLR signalling can lead to an inappropriate reaction towards gut commensals, as well as inflammation of the epithelium (Abreu, 2010; Maynard et al., 2012; Wells et al., 2011) .
The canonical ligands for TLR9 include unmethylated CpG motifs prevalent in bacterial but not in vertebrate genomic DNAs (Hemmi et al., 2000; Krieg, 2002; Yu et al., 2007) . The optimal motif for activating human cells has been found to have the sequence GTCGTT (Hartmann & Krieg, 2000) , whereas the general motif formula for activating mouse and rabbit cells is PuPuCGPyPy (where Pu is purine and Py is pyrimidine) (Krieg et al., 1995; Rankin et al., 2001; Yi et al., 1998) . Like most TLRs, TLR9 is expressed both by immune cells including dendritic cells, macrophages and B-cells, and by IECs (Abreu, 2010; Krieg, 2002) . In immune cells, TLR9 is expressed intracellularly in the endosomes, whereas IECs display TLR9 on the cell surface (Barton et al., 2006; . CpG-induced activation of immune cells triggers a T-helper 1 (Th1)-type immune response (Hemmi et al., 2000; Krieg, 2002; Yu et al., 2007) , which has been utilized in the development of vaccine adjuvants and immunotherapies for allergy, cancer and infectious diseases (Krieg, 2012) . IECs express TLR9 on both the apical and basolateral sides, and distinct responses occur depending on which side the stimulus comes from . Stimulation of TLR9 on the apical side inhibits the inflammatory response of IECs and induces tolerance towards other MAMPs. Basolateral stimulation, on the other hand, leads to the NF-kB pathway activation and the release of pro-inflammatory IL-8 . A recent in vitro study demonstrated that apical stimulation of TLR9 of IECs triggered a Th1-type immune response and concurrent regulatory IL-10 secretion of peripheral blood mononuclear cells on the basolateral side (de Kivit et al., 2011) . In general, apical stimulation of TLR9 is considered to improve the barrier functions of mucosa (O'Hara et al., 2012) . Furthermore, TLR9-deficient mice are more susceptible to dextran sodium sulfate-induced colitis , which also underlines the importance of TLR9 signalling in promoting homeostasis in the gut epithelium.
Whilst the role of TLR9 in maintaining homeostasis in the gut epithelium is well recognized, the CpG motif content of microbiota has received little attention. However, the composition of gut microbiota could have a significant effect on the load of TLR9 ligands in the intestine. In this study, we explored the immunostimulatory CpG motifs in the genomes of commensal intestinal bacteria across major bacterial phyla inhabiting the intestine. We studied the relationship between CpG motif content and G+C content (GC%) or the size of bacterial genomes. Furthermore, we discuss the CpG motif content of various bacteria and microbiota in the context of human health and disease.
METHODS
Bacterial genomes. Complete or almost complete bacterial and archaeal genome sequences, totalling 67 genomes from 59 species, were downloaded in FASTA format from GenBank. The selected species comprised 43 bacterial and three Archaea species found in the intestine and representing different phyla and genomic G+ C content, two dairy starter species, six intestinal pathogens, four Corynebacterium sp. that are not typical gut inhabitants including the pathogen Corynebacterium diphtheriae, and the respiratory pathogen Mycobacterium tuberculosis. The bacterial strains and genome sequences are compiled in Tables 1 and 2 .
CpG motifs and motif search. The following CpG motifs were searched for in the bacterial genome sequences: all possible CpG motifs, i.e. all CG-containing hexamers (in practice, a search for CG) (Lee K.W. et al., 2006) , the general motif formula for activating mouse and rabbit cells (PuPuCGPyPy) (Krieg et al., 1995; Rankin et al., 2001; Yi et al., 1998) and the optimal motif for activating human cells (GTCGTT)) (Hartmann & Krieg, 2000) . To identify the different motifs and patterns in the bacterial genome sequences, FUZZNUC was used from the EMBOSS (European Molecular Biology Open Software Suite) package (Rice et al., 2000) . Additionally, custom-made inhouse scripts were used in the analysis.
RESULTS
In this study, we bioinformatically analysed the frequency of potent immunostimulatory CpG motifs (Hartmann & Krieg, 2000; Krieg et al., 1995; Lee K.W. et al., 2006; Rankin et al., 2001; Yi et al., 1998) in bacterial genomes. We included in the analysis: (i) CG dinucleotides (i.e. all possible CpG hexamers); (ii) PuPuCGPyPy hexamers, which represent a general formula for CpG motifs activating mouse or rabbit immune cells; and (iii) the GTCGTT hexamer, which is an optimal motif for activating human cells (Tables  1 and 2 ). First, we analysed the genomes of several strains of three species, Clostridium perfringens (three strains), Escherichia coli (five strains) and Bifidobacterium bifidum (three strains), in order to assess the possible strain variance in genomic CpG content within the same species (Table 1) . We found that different strains of the same species had highly similar genomic CpG content with respect to all studied motifs (Table 1) . Furthermore, we studied the genomes of 43 bacterial and three Archaea species found in the intestine and representing different phyla and genomic G+C content (Table 2 ). In addition to the intestinal R. Kant and others commensal species, two dairy starter species and six intestinal pathogens were included in the analysis. We also included four Corynebacterium sp. that are not typical gut inhabitants and Mycobacterium tuberculosis, which belong to the Actinobacteria and are high G+C content bacteria, for comparison ( Table 2 ).
The CpG hexamer frequency (CpG motifs per Mb of genomic DNA) increased linearly with the genomic G+C content as expected (R 2 50.94, Fig. 1a ). There was no linear dependency (R 2 ,0.80) between the total number of CpG motifs and the genome size (Fig. 1b) , but large genomes (over~4.8 Mb) contained higher numbers of CpG motifs.
The PuPuCGPyPy motifs (the general motif formula for activating mouse and rabbit cells) showed a linear increase in their relative frequency (per Mb) with increasing genomic G+C content (R 2 50.80, Fig. 1c ). There was no linear dependency between the number of PuPuCGPyPy motifs and the genome size, but large genomes of over~4.8 Mb were noted to have higher counts of these motifs (Fig. 1d, Table 2 ). Bacteria with more than the median value of PuPuCGPyPy motifs per genome included all Actinobacteria, all Proteobacteria except for Acinetobacter calcoaceticus and Campylobacter jejuni, Bacteroides thetaiotaomicron and Parabacteroides distasonis within the Bacteroidetes, Lactobacillus casei, Lactobacillus rhamnosus and Lactobacillus plantarum within the Bacillus subgroup of Firmicutes, Eubacterium limosum and Faecalibacterium prausnitzii within the Firmicutes Clostridium clusters XV and IV, respectively, and Akkermansia muciniphila (Verrucomicrobia). Six species belonging to Proteobacteria, Escherichia coli, Shigella dysenteriae, Salmonella enterica, Enterobacter aerogenes, Klebsiella pneumoniae and Pseudomonas aeruginosa, stood out for having exceptionally high counts of PuPuCGPyPy motifs ( Table 2) . The abovementioned bacteria with the exception of Bacteroides thetaiotaomicron also had a high frequency of PuPuCGPyPy motifs (motifs per Mb of genomic DNA). In addition, Roseburia hominis and Lactobacillus delbrueckii had a frequency above the median value of PuPuCGPyPy motifs. The highest PuPuCGPyPy motif frequencies were found in Escherichia coli, Shigella dysenteriae, Salmonella enterica, Enterobacter aerogenes, K. pneumoniae, Pseudomonas aeruginosa and some Actinobacteria, i.e. Bifidobacterium adolescentis, Bifidobacterium longum subsp. infantis, Bifidobacterium bifidum, Corynebacterium jeikeium, Corynebacterium urealyticum and Mycobacterium tuberculosis.
The total amount or frequency of GTCGTT (the optimal motif stimulating human TLR9) showed an increase (although not linear) with the increase in genomic G+C content (Fig. 1e) . Several species showed an exceptionally high frequency or counts of these motifs as explained in more detail below. Similarly to all CpG hexamers and PuPuCGPyPy motifs, there was no linear dependency between the number of GTCGTT motifs and genome size (Fig. 1f) . However, large genomes of over~4.8 Mb had higher counts of the 'humanspecific' motif compared with the smaller genomes (Fig. 1f , Table 2 ). Bacteria with more than the median value of GTCGTT motifs per genome included species belonging to the phylum Bacteroidetes (mostly having large genomes), Proteobacteria with the exception of Campylobacter jejuni and Enterococcus faecalis, Lactobacillus plantarum, Lactobacillus rhamnosus, Lactobacillus casei and Bacillus cereus within the Bacillus subgroup of Firmicutes (Table 2) . Among Actinobacteria (high G+C content bacteria), all studied Bifidobacterium spp. were found to have GTCGTT motif counts above the median value. In contrast, within the genus Corynebacterium, only two species (Corynebacterium glutamicum and Corynebacterium diphtheriae) had GTCGTT motif counts above the median value. Three other species within the same genus, Corynebacterium jeikeium, Corynebacterium urealyticum and Corynebacterium efficiens, had much lower counts of this motif, despite having comparable G+C content and size to Corynebacterium glutamicum, Corynebacterium diphtheriae and bifidobacteria (Table 2) . K. pneumoniae, Enterobacter aerogenes, Escherichia coli, Shigella dysenteriae, DSpecies primarily considered as a pathogen in the human intestine. dNot major intestinal Corynebacterium sp. but included in the analysis as representatives of the phylum. §Pathogen/other than intestinal.
CpG motifs in gut microbes
Salmonella enterica, P. aeruginosa, Bacillus cereus, Lactobacillus plantarum, Lactobacillus rhamnosus, Parabacteroides distasonis, Bacteroides thetaiotaomicron and Mycobacterium tuberculosis were found to carry the highest GTCGTT motifs count per genome. Bacteria with a high frequency of 'human-specific' CpG motifs (motifs per Mb of genomic DNA) included the above-mentioned bacteria with some exceptions: Bacillus cereus, Yersinia enterocolitica and Bacteroides thetaiotaomicron did not show a high frequency of GTCGTT motifs, whereas an additional four species, Staphylococcus aureus, Streptococcus thermophilus, Lactobacillus delbrueckii and Corynebacterium efficiens, showed a frequency that was above the median value. The highest frequency of GTCGTT motifs was found in Lactobacillus plantarum, Lactobacillus rhamnosus, Bifidobacterium sp., Corynebacterium diphtheriae and Mycobacterium tuberculosis. In general, most species belonging to Actinobacteria or Firmicutes/Bacillus, four out of 11 species within Proteobacteria and three out of five species within Bacteroidetes showed a higher than median frequency of GTCGTT motifs when the frequency was normalized against the genomic G+C content, i.e. frequency per (Mb6GC%) ( Table 2 , Fig. 2 ). Thus, specific species had a higher frequency of GTCGTT motifs than could be expected by their genomic G+C content. Table 2 .
R. Kant and others
Two species belonging to Archaea, Methanobacterium sp. and Methanobrevibacter smithii, were found to carry relatively few CpG motifs; both the CpG frequency and counts per genome were comparable to the lowest values among bacterial species (Table 2) . In contrast, another archaeon with a high genomic G+C content, Methanoculleus bourgensis, shows both high frequency and counts of CpG motifs (Table 2 ).
DISCUSSION
We found that different species of gut microbiota differ remarkably in the content of CpG motifs in their genomes. However, different strains of the same species showed highly similar genomic CpG motif content, and therefore the genomic CpG motif content of a representative strain is appropriate as a general measure for the species. CpG hexamer frequency increased linearly with the G+C content of the genome. Actinobacteria, which are high G+C content bacteria and include bifidobacteria, corynebacteria and Mycobacterium tuberculosis, were found to be enriched in CpG hexamers in general but also in the PuPuCGPyPy or GTCGTT motif. Previously, it has been noted that the higher genomic G+C content of Mycoplasma bovis is reflected in the higher frequency of CpG hexamers in its DNA compared with that of Escherichia coli (Lee K.W. et al., 2006) , and that bifidobacteria carry a high frequency of CpG motifs in their genomic DNA (Ménard et al., 2010) . Ménard et al. (2010) demonstrated that DNA from different Bifidobacterium spp. is immunostimulatory for murine macrophages via TLR9 stimulation but could not establish a link between the immunostimulatory properties and CpG motif content of the different strains. This may have been due to the high similarity of CpG motifs among the studied strains. The difference in immunostimulatory capacity may be more pronounced for example between low G+C and high G+C bacteria, but the dependence between genotypic traits and the strength of TLR9 stimulation remains to be demonstrated. However, TLR9 stimulation of both immune and epithelial cells by bacterial DNA or CpG-containing oligodeoxynucleotides is dose dependent (Hemmi et al., 2000; Platz et al., 2004) , which suggests that DNA from low or high G+C bacteria would also differ in their TLR9 stimulating activity.
Escherichia coli, Shigella dysenteriae, Salmonella enterica, Enterobacter aerogenes, K. pneumoniae and Pseudomonas aeruginosa, all belonging to the Proteobacteria, have an extremely high frequency and counts of PuPuCGPyPy and GTCGTT motifs, whereas other species of Proteobacteria, Proteus mirabilis, Y. enterocolitica and Desulfovibrio desulfuricans, showed only a moderately high frequency or counts of these motifs. The species Shigella dysenteriae, Salmonella enterica and Y. enterocolitica are considered primarily as intestinal pathogens, and Escherichia coli, Enterobacter aerogenes and K. pneumoniae include numerous strains that are pathogenic in humans (Falagas et al., 2010) . Pseudomonas aeruginosa is a major human opportunistic pathogen capable of producing a variety of virulence factors and carrying multiple antibiotic-resistance genes (Balasubramanian et al., 2013) , whereas D. desulfuricans is non-pathogenic. TLR9 stimulation by these bacteria is likely to trigger a strong inflammatory response when they are phagocytosed by immune cells, which serves as an early warning signal for the host to eradicate the infectious agent (Krieg, 2012) . On the other hand, the high CpG motif content of these bacteria can be viewed as a pathogenic trait, because the induction of inflammation may assist the spread of pathogens due to tissue damage caused by cytokine release. Interestingly, within the phylum Actinobacteria, the highest counts or frequency of the 'human-specific' GTCGTT motif within the genus Corynebacterium was revealed in Corynebacterium diphtheria, the causative agent of diphtheria (Zakikhany & Efstratiou, 2012) . Similarly, the pathogen causing tuberculosis, Mycobacterium tuberculosis, was found to have a genome rich in GTCGTT motifs. In contrast, some intestinal pathogens, such as Clostridium difficile and Campylobacter jejuni, which also occur as harmless commensals in human or animal hosts but can cause antibiotic-associated diarrhoea or food-poisoning, respectively, show a remarkably low Fig. 2 . Frequency of the GTCGTT motif normalized against the genomic G+C content (GC%), i.e. the GTCGTT motif counts per megabase (Mb)¾GC% of the genome. Squares represent nonpathogenic bacteria regularly found in the healthy human intestinal tract. Dairy starter species within the Bacilli and not major intestinal species within the Actinobacteria are shown as empty squares. Triangles represent pathogenic species. The bacterial species and GTCGTT/Mb¾GC% counts are compiled in Table 2 .
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CpG motifs in gut microbes frequency or counts of these motifs. Clearly, the genomic CpG motif content of pathogenic species warrants further studies to assess the role of CpG motifs as potential virulence factors. Some pathogens may benefit from the CpG-induced host responses under specific conditions.
In an intact intestinal epithelium expressing TLR9 at a normal physiological level, the vast majority of the TLR9 signalling is likely to come from the apical side and induce beneficial responses to maintain epithelial homeostasis. Our results showed that specific commensal species have a higher frequency of GTCGTT motifs than could be expected by their genomic G+C content. This indicates that such species may have a special function in providing the host with the 'tolerant' apical TLR9 stimulation. Interestingly, we found that a number of species that are marketed as probiotics, Bifidobacterium sp., Lactobacillus casei, Lactobacillus rhamnosus, Lactobacillus plantarum, E. faecalis and Escherichia coli, had high counts and a high frequency of PuPuCGPyPy and/or GTCGTT motifs. In addition, Lactobacillus delbrueckii subsp. delbrueckii and Streptococcus thermophilus had a high frequency of GTCGTT motifs. Previous studies have identified CpG motifs in Lactobacillus rhamnosus GG and Lactobacillus delbrueckii subsp. bulgaricus NIAI B6 DNA that are immunostimulatory in vitro (Iliev et al., 2005; Kitazawa et al., 2003) . These species may efficiently stimulate apical TLR9 upon the release of CpG-containing DNA from dead bacterial cells that have not survived in the gastricduodenal passage or failed the competition for nutrients in the lower gastrointestinal tract. Indeed, DNA extracted from Escherichia coli (DH5a) or VSL3 consisting of eight species (Lactobacillus casei, Lactobacillus plantarum, Lactobacillus acidophilus, Lactobacillus delbrueckii subsp. bulgaricus, Bifidobacterium longum, Bifidobacterium breve, Bifidobacterium infantis and Streptococcus salivarius subsp. thermophilus) has been shown to ameliorate the severity of dextran sodium sulfate-induced colitis in mice (Rachmilewitz et al., 2004) . These authors concluded that TLR9 signalling isessential in mediating the anti-inflammatory effect of probiotics. Our analysis shows that Escherichia coli and five of the species in VSL3, three Bifidobacterium spp., Lactobacillus plantarum and Lactobacillus casei, indeed have high counts and a high frequency of PuPuCGPyPy or GTCGTT motifs and thus are most likely potent TLR9 agonists.
In infants, probiotic supplementation and human breast milk, which supports the growth of bifidobacteria, are being considered in the prevention and alleviation of necrotizing enterocolitis (NEC) (Downard et al., 2012) . Interestingly, both murine and human NEC have been associated with decreased expression of TLR9 in the intestinal epithelium, and TLR9 activation via CpG DNA supplementation significantly reduced the NEC severity in mice (Gribar et al., 2009) . Thereby, increasing the intestinal CpG motif load by modulating the microbiota may be one of the possible modes of actions of the supportive NEC therapy.
A recent study showed that in 40 % of humans the colonic mucosa is populated by Archaea (Nava et al., 2012) .
Furthermore, 20 % of subjects harbour methanogenic Archaea such as Methanobrevibacter spp. and members of the order Methanomicrobiales (Nava et al., 2012) . We found that Methanobacterium sp. and Methanobrevibacter smithii carry relatively few CpG motifs and do not seem to contribute significantly to TLR9 stimulation in the intestine. In contrast, the representative species of the genus Methanoculleus, M. bourgensis, shows a higher frequency and higher counts of CpG motifs. Thus, high G+C content Archaea such as Methanoculleus sp. may have a role in TLR9 stimulation in individuals whose mucosa is colonized by Archaea.
The composition of intestinal microbiota varies considerably among individuals and is affected for example by age, nutrition and health status. As gut bacterial species differ significantly in their genomic content of CpG motifs, there could be significant differences in the load of CpG motifs of the gut microbiota. The heaviest CpG motif load of microbiota is probably found in breast-fed infants in whom bifidobacteria can constitute up to 90 % of the total microbiota (Harmsen et al., 2000) . Bifidobacterium spp. were found to be among the species with the highest CpG frequencies. Bifidobacteria have been associated with beneficial effects such as prevention or alleviation of diarrhoea through immune effects or competitive exclusion of pathogens and improvement of epithelial integrity (Ewaschuk et al., 2008; Picard et al., 2005) . It has been suggested that the high frequency of CpG motifs in the DNA of bifidobacteria may contribute to their reported beneficial effects via TLR9 stimulation (Ménard et al., 2010; Satokari et al., 2009 ).
In allergic diseases, such as atopic eczema and asthma, TLR9 stimulation could possibly deviate immune responses towards Th1 type and thus overcome the allergy-related Th2-type immune response. Interestingly, we found high numbers of human-specific CpG motifs in several bacterial groups, Bacteroidetes, bifidobacteria and Lactobacillus rhamnosus, which have been associated with a reduced risk of allergic diseases in infants and young children (Abrahamsson et al., 2012; Kalliomäki et al., 2001a, b; Nylund et al., 2013) . Furthermore, the results from using CpG oligodeoxynucleotides to reduce allergic symptoms in mice and in human clinical trials have shown an encouraging reduction in symptoms and normalization of the Th1/Th2 balance (Krieg, 2012) . We therefore speculate that intestinal microbes with CpG motif-rich DNA could be beneficial for allergic subjects.
Increased numbers of intestinal microbes with CpG motifrich DNA can also be viewed as detrimental depending on the host's physiological status. In people with coeliac disease, duodenal expression of TLR9 is increased (Kalliomäki et al., 2012) , but the mean C+G content of the microbiome and thereby the estimated CpG motif load are comparable with that of healthy subjects (Cheng et al., 2013) . As a consequence, people with coeliac disease may have increased TLR9 signalling, which may partly explain R. Kant and others the Th1-type cytokine profile for coeliac disease. A Th1-type cytokine profile is seen even after the implementation of a gluten-free diet and cessation of inflammation. Thus, in people with coeliac disease, TLR9 signalling may push the mucosal immune responses towards Th1 type (Cheng et al., 2013) . Further increases in microbes with CpG motif-rich DNA could be harmful in this autoimmune disorder.
In inflammatory bowel disease, TLR9 is expressed at a similar level in colonic mucosa of both ulcerative colitis and Crohn's disease patients compared with healthy controls (Pedersen et al., 2005) . However, the response to CpG DNA stimulus is different in ulcerative colitis and Crohn's disease. CpG treatment in the form of Lactobacillus plantarum DNA stimulated anti-inflammatory pathways in ulcerative colitis patients and healthy controls (Hotte et al., 2012) . In Crohn's disease patients, however, CpG treatment induced upregulation of the Th17 cytokine IL-17A (Hotte et al., 2012) . This observation exemplifies the distinct responsiveness to the CpG stimulus possibly due to the modulation of TLR9 signalling pathways (Hotte et al., 2012) by host factors. Yet another example of the detrimental effect of CpG DNA is intestinal host-versusgraft-disease (Calcaterra et al., 2008; Heimesaat et al., 2010) . Studies of murine models have demonstrated that development of this disease is mediated by CpG sensing and that TLR9 deficiency ameliorates disease symptoms and increases survival (Heimesaat et al., 2010) .
CONCLUSIONS
TLR9 recognizes unmethylated CpG motifs in bacterial DNA, and an adequate level of TLR9 signalling maintains homeostasis in the gut epithelium. The frequency of potentially immunostimulatory CpG motifs is linearly dependent on the genomic G+C content of bacteria. Large genomes of more than~4.8 Mb have high CpG motif counts, although there is no linear dependency between the number of CpG motifs and genome size. In general, gut bacterial species differ remarkably in their genomic content of CpG motifs. Thereby, the overall load of CpG motifs in the intestine is dependent on the species assembly of microbiota and the cell numbers of particular species. The optimal composition of microbiota with respect to the number of microbes with CpG motif-rich DNA and the total load of CpG motifs is likely to depend on the host's physiological status. Future studies investigating host-microbiota interactions and TLR9 signalling in various diseases could benefit from determining the load of CpG motifs in microbiota.
